Activities of the antioxidative enzymes superoxide dismutase (SOD), catalase, glutathione peroxidase (GPX) and glutathione reductase (GR) were measured in the cephalopods Sepia officinalis and Lolliguncula bre6is. Maximal enzyme activities were higher in gill tissue than in the mantle musculature of both species. Activities were generally lower in tissues of L. bre6is than in S. officinalis. Comparison with other ectothermic animals showed both cephalopod species to have a low enzymatic antioxidative status despite their high metabolic rate. Furthermore, changes in antioxidative enzyme activities were measured in the cuttlefish S. officinalis with increasing age. The concentrations of malondialdehyde (MDA) and lipofuscin were determined as indicators of lipid peroxidation. Investigated animals were between 1.5 months and over 12 months old. Changes of antioxidative enzyme activities with age were not uniform. SOD and GPX activities increased with age, while catalase activity declined. In contrast, GR activity remained almost unchanged in all age groups. The low level of antioxidative defense might allow for the significant age-induced rise in MDA levels in gills and mantle musculature and for the increase in lipofuscin levels in mantle and brain tissue. It might thereby contribute to increased oxidative damage and a short life span in these cephalopods.
Introduction
Oxygen radicals and hydrogen peroxide (H 2 O 2 ) are continually produced as biproducts of aerobic metabolism and may cause oxidative damage to lipids, proteins and nucleic acids (Halliwell and Gutteridge, 1989; Stadtman, 1992) . Although all classes of macromolecules are susceptible to radical attack, polyunsaturated fatty acids are especially sensitive to oxidation owing to their conjugated double bond structures (Storey, 1996) . A radical attack on lipids leads to the formation of lipid-hydroperoxides (lipid-OOH; Leibovitz and Siegel, 1980; Storey, 1996) , which can decompose to yield alkanes, alkenes, ketones and aldehydes. The most important aldehyde produced is malondialdehyde (MDA), which forms Schiff bases with amines of proteins, phospholipids, and nucleic acids. The products of these reactions are extremely large fluorescent biomolecules, named age pigments or lipofuscin, which are not digested in the lysosomes because of unusual structures. They therefore accumulate with age (Leibovitz and Siegel, 1980; Halliwell and Gutteridge, 1989 (Elstner, 1990) . The reduced form of glutathione (GSH) may be oxidised by H 2 O 2 or organic peroxides to oxidised glutathione (GSSG) either spontaneously or via glutathione peroxidase (GPX) catalysis. Compensatory reduction of GSSG is catalysed by glutathione reductase (GR): GSSG +NADPH + H + 2GSH+ NADP + . Despite antioxidant defense systems and repair mechanisms oxidative stress appears to be one of the most important factors contributing to aging (Harman, 1956; Ku et al., 1993; Sohal and Weindruch, 1996) . For example, the progressive accumulation of damaged protein molecules as a function of age may significantly contribute to the inability of individual cells and therefore the entire organism to fulfil various physiological functions (Reiss and Gershon, 1976) . The accumulation of defective macromolecules with age is either caused by an age related increase of oxidative damage and/or by the loss of the ability to repair or degrade these molecules (Stadtman, 1992) .
The maximal life span potential (MLSP) of a species might be influenced by its metabolic rate. An increased metabolic rate appears to have a negative influence on the life span in a way, in that it causes an increase in radical production and therewith oxidative damage (Sohal, 1981) . This is supported by different investigations on mammalian species (Sohal et al., 1989; Ku et al., 1993) . Animals with the highest rates of oxygen consumption displayed the highest mitochondrial production of superoxide and H 2 O 2 . At the same time, the production of reactive oxygen species (ROS) was negatively correlated with MLSP, that means, species with the highest life span potential showed the lowest rate of radical formation. A correlation of life span and ROS production was also found for the housefly Musca domestica. Flies with a lower metabolic rate at lower activity levels lived longer than more active specimens (Sohal and Donato, 1979) .
Among marine invertebrates, cephalopods display the highest metabolic rates. Squids even have metabolic rates higher than fishes of similar size and life style (O'Dor and Weber, 1986) . High metabolic rates correspond with high growth rates in cephalopods. All cephalopod species investigated except for Nautilus species have higher growth rates than poikilothermic vertebrates (fishes, amphibians, reptiles), even reaching growth rates comparable to those of mammals (Calow, 1987) . In contrast to mammals, high metabolic and growth rates of cephalopods are linked to a short life expectancy of between less than 1 year and a maximum of 3 years (Pö rtner, 1994 (Pö rtner, , 1997 . These considerations led us to ask whether oxidative stress might be a factor contributing to the short life expectancies of cephalopods and whether the antioxidative capacity of cephalopods is adapted to match a possibly higher radical generation at high metabolic rate. For this purpose, the activities of antioxidative enzymes (SOD, catalase, GR and GPX) were compared in cuttlefish Sepia officinalis and the squid Lolliguncula bre6is. The adult squid are about 20-fold smaller and possess a two times higher metabolic rate than the cuttlefish. Furthermore, oxidative damage was investigated by analysing the levels of malondialdehyde and lipofuscin in different age groups of laboratory reared S. officinalis. Constant breeding conditions guarantee that aging occurs continuously and is not influenced by variable and unknown conditions in the natural environment.
Material and methods

Animals
S. officinalis were obtained from the Marine Biomedical Institute of the University of Texas, Galveston, TX, USA, where this species has been bred and grown for several consecutive generations. They were kept at a salinity of 35‰ at temperatures of 20-22°C and fed regularly on small fishes and mysid shrimps. This species reaches a maximum age of 2 years in its natural environment (von Boletzky, 1983) , while a maximum age of 14 months was achieved in captivity (Forsythe et al., 1994) . This may be related to the constant and high maintenance temperatures in the laboratory, whereas the life span may be significantly extended during seasonal cooling in the field (Section 4). Animals of the following age groups were available for experiments: 1.5 months (5.3 -23.7 g); 2.5 months (27.0 -142.7 g); 7 months (193.5-334.4 Brief squid (L. bre6is Blainville, 3.1 -18.9 g) were caught in April 1995 in the Galveston Ship Channel and Galveston Harbor by fishermen of the Marine Biomedical Institute of the University of Texas, Galveston, TX, USA and kept in aquaria with recirculating natural sea water under conditions similar to those in the natural habitat (24 -25‰ at 20-22°C). The squid were allowed to adjust to the aquarium for at least 48 h. The animals were fed fish and mysid shrimp, but not during the last 24 h prior to sampling.
Samples
S. officinalis was anaesthetised with 7.5% MgCl 2 (w/v) in seawater, while for L. bre6is 4.7% MgCl 2 (w/v) was used (Messenger et al., 1985) . The mantle of the animals was opened by a ventral incision. In case of S. officinalis blood was collected from the vena cava, the systemic heart and the gill hearts. Afterwards samples of different tissues (mantle, gills and brain) were taken. SOD and GPX activity as well as lipofuscin concentrations were immediately measured in freshly sampled tissues. All other enzymes and malondialdehyde concentrations were measured in samples that had previously been freeze-clamped and stored in liquid nitrogen.
Analyses
Preparation of tissue extracts for enzyme assays
For the evaluation of catalase and glutathione reductase activity, frozen tissue samples were ground under liquid nitrogen. Homogenates for the measurement of superoxide dismutase and glutathione peroxidase were prepared by using freshly excised tissue, which was minced using a pair of scissors. All samples were homogenised 1:3 -1:5 (w/v) in the respective homogenisation buffer (see below) by using a micro homogenizer (Biospec Products, Bartlesville, OK, USA). After centrifugation (10 min at 14 000× g) enzyme activities were measured in the supernatant. All enzyme assays were tested with commercial enzymes obtained from Sigma (St. Louis, USA).
Catalase
Catalase activity (EC 1.11.1.6) was determined after Aebi (1985) . A 50 mmol l − 1 potassium phosphate buffer (pH 7.0) containing one part of 1% Triton-X100 in water and ten parts of buffer was used as homogenisation buffer. The assay contained 50 mmol l − 1 potassium phosphate buffer (pH 7.0) and 12.1 mmol l (SOD) SOD (EC 1.15.1.1) activity was determined after Marklund and Marklund (1974) , using 50 mmol l − 1 Tris-succinate buffer (pH 8.2) for homogenisation. The autoxidation of a pyrogallol solution (8 mmol l − 1 ) in air saturated 50 mmol l − 1 Tris-succinate buffer (pH 8.2) measured at 420 nm and 25°C is inhibited 50% by 1 U of SOD (SOD-U).
Glutathione reductase (GR)
A 120 mmol l − 1 phosphate buffer (pH 7.2) was used as homogenisation buffer. GR (EC 1.6.4.2) activity was determined spectrophotometrically in the supernatant at 25°C and 339 nm using a method modified after Goldberg and Sparner (1987) . The assay contained (in mmol l 2.3.5. Glutathione peroxidase (GPX; EC 1.11.1.9)
Tissue was homogenised in Tris-HCl buffer (20 mmol l − 1 , pH 7.6) including 1 mmol l − 1 EDTA and 1 mmol l − 1 dithiotreitol. The assay contained (in mmol l − 1 ) 100 potassium phosphate buffer (pH 7.0), 10 GSH, 1.5 NADPH, 1.5 H 2 O 2 and 10 U ml − 1 GR. The oxidation of NADPH was followed spectrophotometrically at 339 nm (Gün-zler and Flohé, 1985) . Under the assay conditions applied, 1 U GPX or GR activity, respectively, is defined as a decrease of 1 mmol NADPH min 
Determination of malondialdehyde (MDA)
MDA concentrations were assayed in mantle and gill tissue of S. officinalis according to Uchiyama and Mihara (1978) . Tissue was ground under liquid nitrogen and homogenised in 1:5 (w/v) 0.2% H 3 PO 4 . Then 0.4 ml of the homogenate was mixed with 0.4 ml of 1% thiobarbi-turic acid (TBA). The TBA forms a complex with MDA. Individual blanks were prepared by replacing the TBA solution with 3 mmol l
HCl. The pH of all samples was adjusted to 1.6 with either 10 mol l − 1 NaOH or 12 mol l
HCl. Afterwards, the samples were heated to 100°C for 15 min. After cooling to room temperature, 1.5 ml butanol were added to samples and blanks, which were then mixed vigorously to transfer the MDA-acid-complex into the butanol phase. This phase was separated by centrifugation and the absorbance of the MDA-acid-complex was measured as the difference between 532 and 600 nm. The concentration was quantified by using the TBA-MDA extinction coefficient (m=156 mmol l
).
Assay of lipofuscin
Mantle and brain tissue of S. officinalis were ground under liquid nitrogen and homogenised in a chloroform-methanol mixture (1:20, w/v). After centrifugation for 10 min at 2000× g (modified after Sheldahl and Tappel, 1974; Ettershank, 1983 Ettershank, , 1984 , lipofuscin can be found in the chloroform phase. In this phase an emission spectrum between 350 and 550 nm was obtained at an excitation wavelength of 350 nm using a Shimadzu RF 5000 U fluorimeter. The luminescence of the sample was determined at the emission maximum (Nicol, 1987) at 435 nm in case of S. officinalis. Lipofuscin concentrations are expressed as relative fluorescence intensity (RFI) according to Hill and Womersley (1991) , using 0.1 mg quinine per ml 1 N H 2 SO 4 as a standard.
Statistics
The significance of differences between different age groups of S. officinalis was tested by one-way analysis of variance (ANOVA) and Student -Newman-Keul's posthoc tests. Data are given as means 9 S.D. Linear regressions were calculated to evaluate whether activities of antioxidative enzymes and oxygen consumption rates of different species are correlated. Outliers were eliminated from the data set by use of Pearson and Hartley's test. In all cases, P B 0.05 was accepted to indicate a significant difference.
Results
Figs. 1 and 2 show the activities of the enzymes SOD, catalase, GPX and GR in the mantle musculature and gill tissues of S. officinalis in relation to the age of the animals. For all investigated enzymes higher activities were found in gill tissue compared to mantle tissue. In three of four enzymes, activities changed with increasing age. SOD activity increased twofold in the mantle and sixfold in gill tissue with maximal activities in animals 12 months old (mantle: 157.29 38.9 SOD-U g − 1 fresh weight; gills: 491.59 234.4 SOD-U g − 1 fresh weight; Fig. 1 ). Likewise, GPX activity in the gill tissue was significantly and 2.5-fold increased in the oldest animals, while only a slight, insignificant rise was seen in the mantle musculature (Fig. 2) . Catalase activity in the mantle musculature dropped from 20.69 25.3 U g − 1 fresh weight in the youngest animals to values below detection limits in the oldest animals. A transient increase of activity was found in gill tissue of animals 2.5 and 7 months old. Catalase activity in gills of the oldest animals was significantly below levels found in the youngest animals ( Fig. 1) . GR activity did not change with age. Values remained 0.04 U g − 1 fresh weight in the mantle and 0.29 U g − 1 fresh weight in the gill tissue (Fig. 2) .
Similar to S. officinalis, enzyme activities were higher in the gills than in the mantle musculature of L. bre6is (Table 1 ). In general, no catalase or GR activity could be found in the mantle of L. bre6is. Activities were always lower in L. bre6is than in S. officinalis. fresh weight was reached in the mantle musculature of animals 10 months old. This increase was significant compared to animals 1.5, 2.5 and 7 months old. In 12 months old Sepia, the concentration had returned to low values. Furthermore, a transient decrease in MDA concentrations was found in the gill tissue of 7-month-old compared to the youngest animals, while the concentration was significantly increased in older compared to the youngest specimens.
Lipofuscin concentrations rose significantly with increasing age in both mantle and gill tissue (Fig. 3) . b Data were converted from U mg −1 protein to U g −1 fresh weight with the assumption of a mean protein concentration of 150 mg protein g −1 fresh weight as found for fish (Foster et al., 1993 
Discussion
Oxidati6e damage and antioxidati6e defense in relation to metabolic rate
In both investigated cephalopods, S. officinalis and L. bre6is, higher activities of antioxidative enzymes were found in the gill tissues compared to the mantle musculature. This is similar to findings in cod, Gadus morhua (Lemaire et al., 1993) and might be due to the fact that the gills are exposed to higher (ambient and arterial) oxygen concentrations than other tissues, possibly leading to a higher rate of radical production. Hence, a higher level of protection would be necessary. Fig. 1 . Activities of superoxide dismutase and catalase in (A) mantle musculature and (B) gill tissue of different age groups of S. officinalis. (* Significantly different from animals 1.5 months old; + significantly different from animals 2.5 months old; numbers on top of bars= n; values are means9 S.D., or 9 range for n = 2). tissues with the highest levels are the most important in antioxidative defense.
Comparison between the two cephalopod species reveals that enzyme activities in L. bre6is are 2-to 5-fold lower than the maximal activities found in S. officinalis despite the twofold higher metabolic rate in L. bre6is. In addition, L. bre6is displays a shorter life expectancy of 1 year (Hixon et al., 1981) compared to S. officinalis, which survives up to 2 years in its natural environment (von Boletzky, 1983) . This might be a first indicator that the level of antioxidative protection is correlated with the life expectancy of cephalopods. Further comparison (Table 1) Fig. 3. The concentration of (A) malondialdehyde in mantle and gill tissue and (B) lipofuscin in mantle and brain tissue of S. officinalis in relation to the age of the animals. (* Significantly different from animals 1.5 months old; + significantly different from animals 2.5 and 7 months old; for further explanations see Fig. 1 ).
Differences in enzyme activities are not only found between mantle and gill tissue of cephalopods but vary in general between tissues as shown in Table 1 . This should be taken into account when comparing antioxidative status. For some species, a high antioxidative status was found in some internal organs like the digestive gland. The evaluation of the antioxidative capacity of the digestive gland was not possible for the cephalopods since the color of this tissue interfered with the assay. Nevertheless, the highest level of antioxidative protection found in a species will be used for further comparison assuming that Fig. 4 . Activities of superoxide dismutase and catalase in ectothermic aquatic species in relation to their metabolic rate (error bars omitted for the sake of clarity; see Table 1 for S.D. and references). SOD: r = 0.30; catalase: r= 0.24; 1, M. edulis; 2, H. filiformis; 3, S. nudus; 4, A. marina; 5, Calyptogena magnifica; 6, C. maenas; 7, G. morhua; 8, N. di6ersicolor; 9, P. maximus; 10, S. officinalis; 11, S. trutta; 12, L. bre6is. metabolic rates as well as the highest levels of SOD, GPX, and GR activities. Among invertebrates, high levels of antioxidative enzymes were found in intertidal species like A. marina, Heteromastus filiformis, Sipunculus nudus and Nereis di6ersicolor, which can be exposed to very high environmental H 2 O 2 concentrations in summer, owing to UV-induced radical formation in surface waters (Abele-Oeschger et al., 1994; Abele et al., 1998) . Overall this comparison shows that among ectothermic species and at least for the two investigated cephalopods S. officinalis and L. bre6is, a high metabolic rate does not necessarily go hand in hand with a high capacity of antioxidative enzymes.
Investigations in several mammalian species showed a clear correlation between oxygen radical production and metabolic rate. The species with the highest metabolic rate produced the highest concentrations of superoxide and H 2 O 2 in mitochondria (Ku et al., 1993) . If this holds true also for cephalopods with their relatively high metabolic rate (Pö rtner, 1994 ), it appears conceivable that a higher degree of oxidative damage develops due to the relatively low antioxidative capacity (see below).
Antioxidati6e defense and aging
Changes in antioxidative enzyme activities in tissues of S. officinalis with increasing age of the animals were not uniform. While SOD and GPX activity increased with age, catalase activity decreased and GR activity remained almost unchanged. The picture arising from the literature is similarly diverse. For example, GR activity in younger A. marina was higher than in older lugworms, while in the latter catalase activity was increased (Buchner et al., 1996) . In contrast, catalase activity in M. edulis decreased with increasing age of the animals (Viarengo et al., 1991a) . In the liver of the frog Rana perezi, the activities of catalase, GR and GPX showed no age dependence at all (Ló pez-Torres et al., 1991), while in the tissues of the housefly M. domestica both SOD and catalase activities were lower in older animals (Sohal et al., 1983) . Nonetheless, catalase and SOD seem to influence aging. Increased activities of SOD and catalase caused by simultaneous overexpression of both enzymes in genetically engineered fruit flies Drosophila melanogaster (Orr and Sohal, 1994) or in the nematode Caenorhabdemonstrates that the antioxidative capacity is lower in both cephalopod species than in the fish species G. morhua and Salmo trutta with metabolic rates similar to S. officinalis. Even species with much lower metabolic rates like Mytilus edulis or Arenicola marina display a higher enzymatic antioxidative capacity than the cephalopods. This already casts some doubt on whether antioxidative defense is correlated with the level of metabolic rate in cephalopods.
Generally, there is no clear trend of a correlation of SOD and catalase activities with metabolic rate among the ectothermic species listed in Table  1 (Fig. 4) . Similarly, no trend was found for GPX and GR activities. If compared to endothermic species (Table 1) , the latter display the highest ditis elegans after mutation in the relevant gene (age-1; Johnson, 1990) resulted in an increased life span of both species. Therefore, decreasing activities of one or both of these enzymes with increasing age may have a detrimental effect on life span.
Changes in antioxidative enzyme activities not only vary between species, but also between tissues of a given species. For example, SOD activity increased in liver and heart of rats with increasing age, while it was lowered in the brain. At the same time, the production of oxygen radicals was increased in older compared to younger rats (Sohal et al., 1990) . Such an increase in radical generation during aging was also found in other species (Sohal et al., 1983; Sawada and Carlson, 1987) . Sohal et al. (1990) therefore concluded that the production rate of radicals is more important for aging than a potentially limiting capacity of antioxidative processes. This hypothesis is supported by the finding that the mitochondrial radical production in several mammalian species is negatively correlated with the maximal life span potential. Animals with the shortest life expectancy and at the same time highest metabolic rates exhibit the highest rates of radical production (Sohal et al., 1989; Ku et al., 1993) . The authors concluded that faster aging is probably caused by higher radical production rates, resulting in increased cellular damage (Sohal, 1981) . This is supported by the fact that the rate of lipofuscin accumulation is correlated with metabolic rate. A faster rate of lipofuscin accumulation was found in D. melanogaster with a rise in metabolic rate at increased temperature compared to animals kept at lower temperatures (Sheldahl and Tappel, 1974) . Similarly, M. domestica with higher metabolic rates at elevated activity levels displayed higher lipofuscin contents than flies with low activity levels (Sohal and Donato, 1979) .
If aging in S. officinalis is also accompanied by an increased generation of oxygen radicals (see above), the elevation of SOD activity with increasing age (Fig. 2) would compensate to some extent for the expected rise in superoxide formation, but lead to increased H 2 O 2 formation. A decrease of catalase activity in old S. officinalis would then impede the degradation of the intracellular hydrogen peroxide. It seems unlikely that this loss of catalase activity was compensated for by the rise in GPX activity, because GPX activity was 800 times lower than maximal catalase activity. It has been suggested that relatively high levels of SOD combined with low levels of catalase and GPX increase not only the intracellular concentration of H 2 O 2 but also the formation of hydroxyl radicals (Sohal, 1991) . Due to the extreme reactivity of the hydroxyl radicals low molecular weight antioxidants may not balance this increase (Chance et al., 1979; Sohal, 1991) , thus probably leading to an increase in oxidative damage.
Indicators of oxidati6e stress and age
Final evidence for the increase in oxidative stress with increasing age arises from the accumulation of MDA and lipofuscin (Leibovitz and Siegel, 1980; Halliwell and Gutteridge, 1989 ). An increase in MDA levels with age was found in the digestive gland of M. edulis (Viarengo et al., 1991a) , while in the liver of R. perezi no age dependent change occurred (Ló pez-Torres et al., 1991) . In liver and kidney of rats MDA concentrations were even lower in older animals (Cand and Verdetti, 1989) . Furthermore, seasonal oscillation in MDA levels has been shown for Mytilus gallopro6incialis (Viarengo et al., 1991b) . In the mantle musculature of S. officinalis only 10 months old, animals displayed a significant increase in MDA concentration. In the mantle of the oldest animals the concentration was again in the same range as in the youngest ones, whereas MDA levels were still significantly elevated in the gill tissue. Probably, the continuous contact of this tissue with oxygen rich water leads to a higher rate of radical formation and thus to more continuous formation of MDA. The maximal concentration of MDA found in S. officinalis was 234.8 nmol g − 1 fresh weight in the mantle musculature and 494 nmol g − 1 fresh weight in the gill tissue. These values are considerably higher than the 81.7-89.9 nmol g − 1 fresh weight found in the liver of R. perezi (Ló pez-Torres et al., 1991) or the 45.4-75.8 nmol g − 1 fresh weight found in the bivalves M. edulis and Adamussium colbecki (Viarengo et al., 1991a (Viarengo et al., , 1995 . The considerably higher concentration of MDA in the tissues of S. officinalis is probably favored by the relatively low level of antioxidative protection and the high metabolic rate.
The decrease in MDA concentrations in older animals might be caused by the transformation of MDA into lipofuscin (Cand and Verdetti, 1989) . Accordingly, lipofuscin concentrations were sig-nificantly elevated in both mantle musculature and brain of old specimens. An age related increase in lipofuscin levels has also been found in several species of crustaceans (Nicol et al., 1991; Sheehy et al., 1994) , fish (Vernet et al., 1988) and insects (Sohal, 1981) . Since lipofuscin levels are not expressed as definite concentrations but rather in relative units which also differ among studies, a comparison of levels between species is not possible. Furthermore, it seems that lipofuscin does not accumulate continuously over time. In the Australian crayfish Cherax quadricarinatus, Sheehy et al. (1994) found fluctuations in lipofuscin levels, which are most likely related to seasonal oscillations in environmental parameters. A slowing down of lipofuscin accumulation appears to occur in older crustaceans, probably related to a lower metabolic rate in older/larger animals (Sheehy, 1992) . In our study of laboratory maintained cuttlefish, environmental influences were largely excluded. The exponential rise of lipofuscin levels over time (Fig. 3) suggests that lipofuscin accumulation is more uniform than MDA accumulation. This indicates not only that lipofuscin is a better indicator of age related stress than MDA, but also that lipofuscin accumulation and thus oxidative change occur at a larger rate in aged animals. However, although the exponential rise in lipofuscin levels may reflect limits of tolerance to oxidative stress, it is not clear until now which levels of MDA and especially lipofuscin indicate irreversible damage to the organism. Therefore, no definite conclusions can be drawn yet to what extent these processes contribute to the short life expectancies of cephalopods.
Conclusions and perspectives
Similar to mammalian species (Sohal et al., 1989; Ku et al., 1993) , the high metabolic rate of cephalopods correlates with a high rate of radical production. The comparatively low level of enzymatic antioxidant defense correlates with an increased level of oxidative damage, reflected by much higher levels of MDA in gill and mantle tissue of cephalopods than in other species. It also correlates with an exponential accumulation of lipofuscin indicating oxidative stress is higher in old specimens. This may be caused by a drop in catalase at elevated SOD activities in older animals, which favors oxygen radical formation and, obviously, oxidative stress. As a corollary, the relatively low antioxidative status found in cephalopods is in line with their short life expectancy. This conclusion is supported by the observation that antioxidative status is lower in the squid L. bre6is than in the cuttlefish S. officinalis, which, accordingly, lives almost twice as long as the squid. The question arises why antioxidative defense is not brought to a higher level in order to prolong cephalopod life. An explanation may be that the level of antioxidative protection is set to a level just high enough to allow for sufficient life span. Therefore, future research should focus on whether this low level of antioxidative protection is typical for cephalopods and, from a more general point of view, whether it is adjusted to a level just high enough to support the programmed life span of a species.
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